









































Heavy Top Quark Eects To Low Energy Data
In The EW Chiral Lagrangian
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Abstract
We study the large top quark mass eects to low energy physics in the chi-
ral Lagrangian formulated electroweak theories. We show that these radiative
corrections can be easily obtained from a set of calculations involving only
the scalar Goldstone bosons and fermions when the contributions of the order
g (the weak coupling) are ignored. Using LEP and SLC data we constrain
on the non-standard couplings, which might originate from the spontaneous
symmetry-breaking sector, of the top quark to the electroweak gauge bosons.
PACS numbers: 14.65.Ha, 12.39.Fe, 12.60.-i
1 Introduction
The use of the eective Lagrangian does not necessarily stem from our ignorance
of the full dynamics. In fact, the use of the eective Lagrangian can lead to a deeper
insight, a clarity, and an elegance in its formulation [1]. One of the advantages of
using the eective Lagrangian is that it provides a tool for estimating the size of
higher order corrections [1]-[6]. In this paper we show how it can conveniently relate
various radiative corrections important for precision test of the standard model (SM).
The strong indications [7]-[10] for the presence of a heavy top quark motivate
many studies on various scenarios where new physics may greatly modify the top
quark physics. In Ref. [11] we studied the general (non-standard) couplings of the
top quark to the electroweak (EW) gauge bosons in an eective chiral Lagrangian







. We found that from the previously announced LEP data [12] there
were still considerable rooms allowed to accommodate such non-standard interactions.
The question regarding the origin of such non-standard interactions is of a great
importance, and was discussed to some extent in Ref. [11].
In this paper we will concentrate on two main points. The rst point is to study the
leading contributions of a heavy top quark (in powers ofm
t
) to low energy observables
in the chiral Lagrangian formulated electroweak theories. In Ref. [11] we calculated





) arising from some non-standard couplings of
the top quark to the EW gauge bosons, parameterized in the chiral Lagrangian.
1
The
set of Feynman diagrams calculated in Ref. [11] contained external gauge boson lines
and its internal lines could be gauge bosons and/or Goldstone bosons, in addition to
fermions, to form a gauge invariant set. Because the leading corrections (in powers
of m
t
) are closely related to the spontaneously symmetry-breaking (SSB) sector, we
expect such corrections to be obtained from the interactions of the top quark to the
Goldstone bosons alone. We shall develop a formalism to calculate these leading
corrections from the pure scalar sector in the chiral Lagrangian. We show how to
1
 is the cut-o scale at which the eective Lagrangian is valid.
2
reproduce the results obtained in Ref. [11] from a set of Feynman diagrams which
only contain scalar boson and fermion lines, gauge boson lines are however not needed.
The relation between these two sets of Green's functions, one set is involving only the
gauge bosons as external lines and the other set with external scalar boson lines in
the limit of turning o the weak gauge coupling g, was derived in Ref. [13] for the SM.
As to be shown in sec. 3, the relation between these two sets of Green's functions in
the chiral Lagrangian can be easily derived, and its derivation is far more clear than




symmetry is linearly realized. This is
another example indicating the power and elegance of the non-linearly realized chiral
Lagrangian approach.
The second point is to update the constraints on the non-standard couplings of
the top quark to the EW gauge bosons using the new LEP [14] and SLC data [15].
The rest of this paper is organized as follows. Sec. 2 is devoted to study the large
top quark mass contribution (in powers of m
t
) to low energy physics through the
quantities  and  [13] in the chiral Lagrangian formulation. In sec. 3 we update the
constraints on the non-standard couplings of the top quark to the EW gauge bosons.
Our previous constraints were given in Ref. [11]. Sec. 4 contains some conclusions.
2 Large top quark mass eects to low energy physics
In this paper we are interested in the chiral Lagrangian formulated electroweak




is non-linearly realized. (The





responds to some xed non-linear gauge transformation [16, 17].) The chiral La-
grangian approach has been used in understanding low energy interactions because it
can systematically describe the phenomena of spontaneous symmetry-breaking [18].
Recently, the same technique has also been widely used in studying the electroweak
sector [2, 3, 4, 5, 19, 20, 21] to which this work has been directed.
The chiral Lagrangian formulated electroweak theories can be constructed solely






without any assumptions regarding
3
the explicit dynamics of the symmetry-breaking. Thus, it is the most general eective
Lagrangian that can accommodate any underlying theory with that symmetry at the
low energy scale. Furthermore, since one is interested in the low energy behavior of
such a theory, an expansion in powers of the external momentum is performed in the
chiral Lagrangian [22].
In general one starts from a Lie group G which breaks down spontaneously into a
subgroup H, hence a Goldstone boson for every broken generator is to be introduced




and H = U(1)
em
. There are three Goldstone bosons, 
a
; a = 1; 2; 3 generated by this
breakdown, which are eventually eaten by W

and Z gauge bosons and become their
longitudinal degrees of freedom.
The Goldstone bosons transform non-linearly under G but linearly under the















































= v, but they are not necessarily equal to v
3
. In the SM v (= 246GeV) is the
vacuum expectation value of the Higgs boson eld, and characterizes the scale of the
symmetry-breaking. Also, v
3
= v arises from the approximate custodial symmetry in













in the SM, where 
W




are the masses of
W























































respectively. g and g
0


































































































































































transform as vector elds, but A

transforms
as a gauge boson eld which plays the role of the photon eld A

.
















































































and where : : : denotes other possible four-dimensional and higher dimensional oper-
ators [2, 4].































This simply reects the fact that this kinetic term is not related to the Goldstone
bosons sector, i.e., it does not originate from the symmetry-breaking sector. In other
words, if one is interested in the full loop corrections which include corrections of the
order g, then we cannot relate these corrections (in powers of g) entirely to the pure
scalar sector.







































































































is the electromagnetic charge of f .




(two dierent avors), and the Goldstone bosons
matrix eld , the usual linearly realized elds 	 can be constructed. For example,






















= 1. One can easily show that 	
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It is then straightforward to construct a chiral Lagrangian containing both the bosonic
and the fermionic elds dened as above .
Our goal is to study the large Yukawa corrections to the low energy data from the
chiral Lagrangian formulated electroweak theories. We shall separate the radiative
corrections as an expansion in both the Yukawa coupling g
t









is the mass of the top quark.) With this separation
we can then consider the case of ignoring the corrections of the order g as compared
to that of g
t
. This kind of study has been done in Ref. [13] for the SM, where one
can concentrate on the pure scalar sector and treat the gauge bosons as classical
elds so that the full gauge invariance of the SM Lagrangian is maintained and a set
of Ward identities can be derived to relate the Green's functions of the Goldstone
7
boson and the gauge boson sectors. Hence, large g
t
corrections can be easily obtained
from calculating Feynman diagrams involving only fermions and scalar bosons (e.g.,
Goldstone bosons and Higgs boson) but not gauge bosons. In the chiral Lagrangian
such approach is far more obvious and clear.
Why is the chiral Lagrangian formulation useful in nding large g
t
corrections
beyond tree level? After constructing the gauge invariant bare Lagrangian, we can
perform the necessary loop calculations to any order and organize all the loop cor-










. In principle one needs to x a gauge to perform
loop calculations. Fixing a gauge will however destroy the gauge invariance of the La-
grangian. This is true because the gauge xing term (e.g., in R

gauge) will explicitly
break gauge invariance. Since we are interested in large g
t
corrections, we do not need
to consider gauge bosons in loops [13]. This means that we do not need to x a gauge
and thus we can maintain the full gauge invariance of the eective Lagrangian. This
is obvious by observing that the leading contributions enhanced by powers of m
t
are
clearly products of the SSB and have nothing to do with the weak gauge coupling g.
The point is that because the nal result can be organized in the gauge invariant way
as described above we can immediately notice the equivalence between the two sets
of calculations, i.e., using the Goldstone bosons and using the gauge bosons. From















+ ::: ; (28)
one notices that each gauge boson eld has a factor g in front. Hence, if we are
interested in corrections independent of the gauge coupling g, we need only to consider
the pure scalar sector.
2.1 Eective Lagrangian
To obtain the large contributions of the top quark mass (in powers of m
t
) to
low energy data, we need only to concentrate on the top-bottom fermionic sector in
addition to the bosonic sector. The most general gauge invariant chiral Lagrangian
8

























































































































































































parameterize possible deviations from the SM pre-
dictions [11], and : : : indicates possible Higgs interactions and all possible higher
dimensional operators. Here we have assumed that new physics from the SSB sector
might modify the interactions of the top quark to gauge bosons due to the heavy
mass of the top quark, but the bare b-b-Z couplings are not modied in the limit of
ignoring the mass of the bottom quark [11]. The subscript 0 denotes bare quantities
and all the elds in the Lagrangian L
0
, Eq. (29), are bare elds.
Needless to say, the composite elds are only used to organize the radiative cor-
rections in the chiral Lagrangian. To actually calculate loop corrections one should
expand these operators in terms of the Goldstone boson and the gauge boson elds.
The gauge invariant result of loop calculations can be written in a form similar to
Eq. (29). Denoting this eective Lagrangian as L
eff


























































































+ : : : ; (30)








contain all the loop results and
as in L
0
all the elds in L
eff
are bare elds.
In the case of ignoring the corrections of the order g the eective Lagrangian can




in the unitary gauge, another contains all the radiative corrections which do not











































































derived from Eqs. (11) and (12). Note that as shown in Eqs. (5) and (9) the eld B

is not composite and transforms exactly like B

. Comparing Eq. (30) with (31), we



















All the radiative corrections to the vertex b-b-
3
in powers of m
t
are summarized by
the coecient function Z
L
v





























+ : : : : (35)
Since the eective Lagrangian L
eff
must possess an explicit U(1)
em
symmetry and
under G the eld A

transforms as a gauge boson eld while the eld Z

transforms
as a neutral vector boson eld, therefore, based upon the Ward identities in QED we














Hence, the eective Lagrangian L
eff

















































































+ : : : : (38)
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. Recall that up to here all the elds in L
eff
are
bare elds. To make use of the eective Lagrangian to extract out the information
on low energy data we prefer to express L
eff
in terms of the renormalized elds.





elds can be properly normalized to make the residue of their propagators to be





































































































+ : : : : (39)
Before considering the physical observables to low energy data let us rst examine
the bosonic sector. Similar to our previous discussions, loop corrections to the bosonic















































+ : : : : (40)
We note that in the above equation we have explicitly used the subscript 0 to indicate
bare quantities. The bosonic Lagrangian in Eq. (18) and the identity in Eq. (22)
imply that the Yang-Mills terms (the rst two terms in L
B
) are not directly related




about the weak coupling g, i.e., suppressed by g in our point of view. This also holds
for operators, of dimension four or higher, including W
a

in the chiral Lagrangian
formulated electroweak theories where these gauge invariant terms are all suppressed
by the weak coupling g [2, 4]. The same conclusion applies to B

. Therefore we











do not get wavefunction
corrections (renormalization) in the limit of ignoring all the corrections of the order
g, namely the renormalized elds and the bare elds are identical in this limit.
11










































































+ : : : : (41)
It becomes clear that Z














do not get wavefunction correction in powers of m
t
, therefore









































In summary, all the loop corrections in powers of m
t
to low energy data can be
organized in the sum of L
eff
(in Eq. (39)) and L
B
eff
(in Eq. (40)). Comparing them
to the bare Lagrangian L
0
in Eq. (29), we found that in the limit of taking g ! 0 the
chiral Lagrangian L
0
behaves as a renormalizable theory although in general a chiral
Lagrangian is non-renormalizable. In other words, no higher dimensional operators
(counterterms) are needed to renormalize the theory in this limit. The same feature
was also found in another application of a chiral Lagrangian with 1=N expansion [23].
2.2 Renormalization
Now we are ready to consider the large m
t
contributions to low energy data. We






















































































































































xed by data (e.g., the electron (g-2), muon lifetime, and the mass of the Z boson), we
still have the freedom to choose what c
2





. In our case we would choose the denition of the renormalized s
2
























where  is dened from the partial width of Z into lepton pair, c.f. Eq. (67). With
this choice of s
2















) does not contain large m
t
dependence either. (Obviously,  will not have contributions purely in powers of
m
t
.) Namely, in this renormalization scheme, , g, and s
2
do not get renormalized
after ignoring all the contributions of the order g. Hence, all the bare couplings
3




























, and the counterterm
of s
02
















do not get corrected when
considering the contributions which do not vanish in the limit of g ! 0. The only
























































































































































2.3 Low Energy Observables
In general, all the radiative corrections to low energy data can be categorized












These parameters are derived from four basic measured observables,  

(the partial
decay width of Z into a  pair), A

FB
(the forward-backward asymmetry at the Z peak




(the ratio of W

and Z masses), and  
b
(the partial decay
width of Z into a bb pair). The expressions of these observables in terms of 's are
given in Ref. [26]. In this paper we only give the relevant terms in  's which might
contain the leading eects in powers of m
t
from new physics. The relations between







































are measuring the eects of new physics in the partial




is the hadronic width of Z.)













































































































































gain corrections in powers of m
t
[11], and are sensitive to new




do not play any





= + corrections of the order g ;

b
=  + corrections of the order g ;

2
= corrections of the order g ;

3
= corrections of the order g ; (66)
where  =   1. The parameters  and  are dened from
 





















































































(1 +  ) : (68)














  1 : (69)
2.4 One Loop Corrections in the SM




gauge theory, can be formulated
as a chiral Lagrangian after non-linearly transforming the elds [11]. Applying the
previous formalism,we can calculate one loop corrections of orderm
2
t
to  and  for the












= 0 in Eq. (29). These loop corrections can











from the Feynman diagrams shown in Figs. 1(a), 1(b), 1(c), and the sum of 1(d) and












































































We note that Fig. 1(e) arises from the non-linear realization of the gauge symmetry
























which are the established results [13].
3 Updating the top quark couplings to the EW
gauge bosons





) to  and
 due to the non-standard couplings of the top quark to the EW gauge bosons by
considering a set of Feynman diagrams with the external massive gauge bosons lines.
In this paper we show how to reproduce those results by considering a set of Feynman
diagrams which include the pure Goldstone boson and fermion lines as described in
section 2.
Non-renormalizability of the eective lagrangian presents a major issue of how to
nd a scheme to handle both the divergent and the nite pieces in loop calculations
[27]. Such a problem arises because one does not know the underlying theory, hence
no matching can be performed to extract the correct scheme to be used in the eective
lagrangian [28]. One approach is to associate the divergent piece in loop calculations
with a physical cut-o , the upper scale at which the eective lagrangian is valid
[19]. In the chiral lagrangian approach this cut-o  is taken to be 4v  3TeV [28].
For the nite piece no completely satisfactory approach is available [27].
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To perform calculations using the chiral lagrangian, one should arrange the con-
tributions in powers of 1=4v and include all the Feynman diagrams up to the desired
power. Fig. 1 contains all the Feynman diagrams needed for our study. We calculate




due to the new interaction terms in the chiral lagrangian
using the dimensional regularization scheme and taking the bottom quark mass to be






for  = (4   n)=2, where n is the space-time dimension. Since we are mainly inter-
ested in new physics associated with the top quark couplings to gauge bosons, we
shall restrict ourselves to the leading contribution enhanced by the top quark mass,





. Inserting these non-standard couplings in loop diagrams



























































































































































which agree with our previous results obtained in Ref. [11].
In Ref. [29] a similar calculation for  was performed and the author claimed to get
a dierent result from ours. However, the author only included the vertex correction
to calculate the physical quantity  , which according to our systematic discussion in
the previous section is not complete because the wavefunction corrections to the b
quark has to be included.
From the direct search at the Tevatron, assuming a SM top quark, D group at




131GeV [7]. Data were also presented by CDF group
18
at FNAL for the evidence of a heavy top quark with m
t
 17417GeV [8]. However,
from the new SLC measurement of A
LR
[9] there is an indication for much heavier
top quark. Based upon the new LEP measurements, a global analysis indicates a SM
top quark mass to be [10]
m
t
= 165  12 GeV for m
H
= 300 GeV : (74)
If the SLC measurement is included with LEP measurements, then
m
t
= 174  11 GeV for m
H
= 300 GeV : (75)
Using the new LEP and SLC results we shall update the constraints on the non-
standard couplings of the top quark to the EW gauge bosons. This can be done by
comparing the new experimental values for  and  with that predicted by the SM
and the non-standard contributions combined. In the limit of ignoring the contribu-











can all be expressed















































), we can con-
strain the allowed space of 's in a model independent way without specifying the
explicit dynamics for generating these non-standard eects. One can also enlarge the
set of observables used in the analysis by including all the LEP measurements and
the measurement of the left-right cross section asymmetry A
LR
in Z production with









In terms of the quantity r
w

















































= 1   4s
2
: (79)
Following the same analyses carried out in the Ref. [11], we include both the SM
and the non-standard contributions to low energy data. The SM contributions to 
and  were given in Ref. [26] for various top quark and Higgs boson masses. Our
conclusions however are not sensitive to the Higgs boson mass [11].
Choosing m
t
= 175GeV and m
H


























comparing with the values,
 = (3:5 1:8) 10
 3
; (80)
 = (0:9 4:2) 10
 3
; (81)
of a global t [10] using all the new LEP and SLC data. We found that within 2 the
allowed region of these three parameters exhibits the same features as that obtained
using the old set of data (see Ref. [11]). These features can be deduced from the
two-dimensional projections of the allowed parameter space shown in Figs. 2, 3, and
4.
(1) As a function of the top quark mass, the allowed parameter space shrinks as
the top quark mass increases.
(2) There are rooms for new physics coming through the top quark coupling to the
EW gauge bosons. No conclusion can be drawn regarding 
CC
R
since  and 
are independent of 
CC
R
at the order of m
2
t
. Also we notice from Fig. 2 that










is almost constrained. New physics prefers positive 
NC
L




is constrained within ( 0:3 to 0.5) for a 175 GeV top quark.






. This is clearly shown in Fig. 2.
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As compared with the old set of data from LEP and SLC, new data tighten the
allowed region of the non-standard parameters 's by less than a factor of two. This
dierence is due to the slightly smaller errors on the new measurements as compared
with the old ones. The largest impact of these new data on our results comes from
the more precise measurement of  
b
which turns out to be about 2 higher than
the SM prediction and implies a lighter top quark. For a much heavier top quark,
new physics must come in because all the 's cannot simultaneously vanish. If the
large discrepancy between LEP and SLC data persists, then our model of having
non-standard top quark couplings to the gauge bosons is one of the candidates that
can accommodate such a dierence.
If we restrict ourselves to the minimum set of observables, which give [10]
 = (4:8 2:2) 10
 3
; (82)
 = (5:0 4:8) 10
 3
; (83)




to the right, due to the fact that the central value of  in this case is larger than its
global t value.
In Ref. [11] we discussed an eective model which incorporates an additional








































































mass 150 and 175 GeV, respectively. Figs. 5 and 6 show the allowed range for those
parameters within 2. As a general feature one observes that the allowed range

























0:25). As the top quark
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) = (0; 0) although positive 's remain preferred. The reason for
this behavior is simply due to the fact that as m
t
increases, the SM value for  ( )
increases in the positive (negative) direction. To summarize this behaviour, we show,












. An interesting point to mention is that in the global t analysis the SM ceases










can be as large as 300 GeV.
In this analysis we concentrated on the physics at the Z resonance, i.e., at LEP
and SLC. Other lower energy observables may as well be used to constrain the non-
standard couplings of the top quark to the gauge bosons. In Ref. [30] a constraint
on the right-handed charged current (
CC
R
) was set using the CLEO measurement of
b! s. The authors concluded that 
CC
R
is well constrained to within a few percent
from its SM value (
CC
R
= 0). This provides a complementary information to our
result because LEP and SLC data are not sensitive to 
CC
R












Because top quark is heavy, close to the symmetry-breaking scale, it will be more
sensitive than the other light fermions to new physics from the SSB sector. Concen-
trating on the eects to the low energy data directly related to the SSB sector, we
have applied the chiral Lagrangian formalism in Ref. [11] to examine whether the low
energy data from LEP and SLC strongly constrain the non-standard couplings ('s)
of the top quark to the gauge bosons (W







only the left-handed neutral current (
NC
L
) is somewhat constrained













does not contribute to the LEP or SLC ob-
servables in the limit of taking m
b
= 0, therefore 
CC
R
cannot be constrained by these
data. It is however strongly constrained by the complementary process b! s [30].
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In Ref. [11] we obtained our results by considering a set of Feynman diagrams,
derived form the non-linear chiral Lagrangian, containing the external gauge boson
lines. The leading corrections (in power of m
t
) to the low energy observables do not
vanish in the limit of turning o the weak coupling g, because they originate from
being strongly coupled to the SSB sector, e.g., through large Yukawa coupling g
t
.
Therefore, our previous results should be able to be reproduced by considering an
eective Lagrangian in which all the gauge boson elds are treated as classical elds,
namely, they do not contribute to loop calculations. All the loop corrections which
do not vanish after taking g ! 0 can be obtained from calculating a set of Feynman
diagrams only involving the unphysical Goldstone bosons (and probably the Higgs
boson) and fermions. In sec. 2 of this paper we discussed how to relate these two sets
of Green's functions for the low energy observables of interest. We showed that by
considering a completely dierent set of Green's functions from that been discussed
in Ref. [11] we obtained exactly the same results, which however are dierent from
those given in Ref. [29] in which the wavefunction correction to the bottom quark
was not included.
In sec. 3 we used the new LEP and SLC data to constrain the non-standard
interactions of the top quark to the EW gauge bosons. As compared with the old
data from LEP and SLC, the new data tighten the allowed region of the non-standard
parameters 's by no more than a factor of two. This dierence is mainly due to the
more precise measurement of  
b
which turns out to be about 2 higher than the SM
prediction and favors a lighter top quark. If the large discrepancy between LEP and
SLC data persists, then our model of having non-standard top quark couplings to the
gauge bosons is one of the candidates that can accommodate such a dierence. Posi-
tive values for 's are preferred in our discussed special model where an approximate
custodial symmetry is assumed.
23
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The allowed range of 
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as a function of the mass of the top quark. (Note
that 
NC
L
= 2
CC
L
.)
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